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EXECUTIVE SUMMARY

Coatings are the primary means for imparting caoroprotection to gas and liquid pipelines.
Though cathodic protection is also often appliddna coating was present the demand for
supplied current to effectively cathodically prdtéte pipe would be cost-prohibitive. Because
coatings are the main line of defense, understgnidiowv they disbond from the pipe and lead to
defects and flaws which in turn could result insedpuent corrosion is important.

In this project laboratory-generated results wenmpgared to coating failures observed on pipe
segments that had been taken out of service asaselh-ditch evaluations. By examining
variables such as coating chemistry, surface chgmasmd contamination, surface roughness,
and anchor pattern a standardized experimentalegue aimed to evaluate the main causes
leading to coating disbondment was developed ahdatad. Using this approach, the following
conclusions were made:

1. Areas affected by cathodic disbondment on fusionded epoxy and coal tar enamel
coatings tended to also exhibit low adhesion stteng

2. Highly alkaline conditions, as has been proposeaidan the disbondment process, were
observed during cathodic disbondment tests but iontile region immediately adjacent
to the defect. At even small distances away froendfect, the pH was nearly neutral.

3. During cathodic disbondment testing, the disbondnoéien times extended beyond the
initial exposed area of the test.
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1 LIST OFABBREVIATIONS

Term
Cathodic Disbondment test
Cathodic Protection
Coat Tar Enamel
Electrochemical Impedance Spectroscopy
Fusion Bond Epoxy
lon Exchange Chromatography
Low Frequency Impedance
Reinforced Coal Tar Enamel
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Abbreviation
CDT
CP
CTE (CT)
EIS
FBE
IEC
LFI
RCTE
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2 INTRODUCTION AND BACKGROUND
2.1 Introduction

Coatings are the primary means for imparting caoroprotection to gas and liquid pipelines.
Though cathodic protection is also often appliddna coating was present the demand for
supplied current to effectively cathodically prdtéte pipe would be cost-prohibitive. Because
coatings are the main line of defense, understgnidiowv they disbond from the pipe and lead to
defects and flaws which in turn could result insedpuent corrosion is important.

The objective of this project was to identify thenditions promoting coating disbondment

during in-service exposure. A set of variables udatg coating chemistry, surface chemistry,

surface roughness, anchor pattern, coating undersicemistry, and optical analysis was

investigated and the critical parameters leadindisbondment evaluated. Developing a better
understanding of the coating disbondment procesgeatally concerning the initial stages of

coating degradation, gained during the project saive as a stepping stone for developing a
field-based methodology to predict long-term cagfperformance and to identify the onset of

disbondment.

2.2 Background

Buried pipelines are protected from the aggressiwgronment by non-metallic coatings and, in
most cases, by cathodic protection (CP). Adhesibthe coating to the substrate has been
identified as the most important variable for seevil-8]. Thus, maintaining adhesion over long
periods of time under adverse conditions represantsiajor engineering challenge with
immediate relevance.

Chemical adhesion of a coating to any given sutesttapends on the number of active bonding
sites [9].In most environments steel surfaces wdlally contain metal ions, oxides, and

hydroxides. Pairing of hydroxides with OHroups generate an additional attractive force
(known as hydrogen bonding). Hydrogen bonds aredlly 3 times stronger than weaker Van

der Walls bonds. This additional attractive foréeeg fusion bond epoxy (FBE) coatings their

superior strength when compared against coal tasphnalt based coatings [9].

Several factors such as ground water chemistryle@€l, CP by-products, soil chemistry, and
surface roughness (anchor pattern), surface congdiomn, pipe bending, and the presence of
defects can significantly affect adhesion [10-1Efom all these variables, previous work
suggested that both the anchor pattern and themresf surface contamination were the most
significant [10]. In general, clean and sand blhspgpe surfaces tend to show the highest
adhesive strength. Likewise, from the differentetypf surface contaminants, chloride salts have

DNV Reg. No.: 811 Brossia (101131)
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been shown to have the most detrimental effectadiresion during ASTM standard cathodic
disbondment tests.

Corrosion under coating disbondments is an insgliphienomenon because it is difficult to
detect using conventional above ground technigligk [Coating disbondment occurs when all
adhesive forces have been lost locally [6]. AltHowgdefinitive explanation for the initiation
coating disbondment has yet to be proposed, thems to be an agreement on that adhesion
between the coating and the steel surface is affdny the high pH evolving as a consequence of
CP on areas where bare steel is exposed.

Several models have been proposed to describe ifratimn of ionic species inside disbonded
regions and the environment resulting from suchsjpart phenomenon [6, 11-15]. In a recent
publication, using computer simulations Song andHar [12] showed that, in the presence of
CP, the pH inside the crevice increases with tilihsufficient time is allowed, the pH deeper in
the crevice became higher than near the holiddgviise, an @(g) concentration cell can form
in the crevice, which in turn determines corrosrates. According to the authors, the ionic
current generated by the differential(§) content along the crevice results in a deeper
penetration and, therefore, in a more severe dorraactivity. If the crevice is saturated by
ferrous hydroxide, the effects of G@) were shown to be minimal. At high partial prees,
however, the effects of G(¥) are suggested to be significant. Song and &ridlso studied the
effects of solution flow along disbondments [12todel the flow patterns observed in the field
and reported in [16]. For this model the authonsusated two holidays connected through a one-
dimensional disbonded path. Computational simutatshowed that a peak corrosion rate
occurred at the in-flow holiday for any given flowate, which increased with increased flow
velocity. Perdomo and Song [6] studied the envireninunder disbonded coatings using
simulated crevice geometries. The authors placedoglectrodes along the artificial crevice and
measured the time evolution of potential and pHadecordance with the work of Song and
Sridhar, the authors found that a differential aemacell develops, consuming.@) and
increasing pH deep in the crevice. The authors ptsoted out the influence of high IR drop,
which could lead to CP shielding under certain dormks.

Although the effort conducted to date have lead toetter understanding of the environment
developing under disbondments, all the models abdrhtory investigations assumed that a
crevice like geometry was already present. In otiands, models presented to date were based
on a macroscopic description of the problem. Littewever, is known about the early stages of
coating disbondment before a macroscopic crevigeldps. Thus, understanding the conditions
leading to the onset of coating disbondment reptegesignificant need. In this work, the main
variables leading to a loss in coating adhesionghvis the first step towards disbondment, were
investigated. Improved understanding of how th@stofs affect chemical bonding between the
steel substrate and the coating will promote thily eletection of areas prone to SCC.
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3 DEVELOPMENT OFATEST METHODOLOGY TO CHARACTERIZE
COATING DISBONDMENTS

3.1 Analysisof thecritical variables

The use of a suitable methodology to rapidly stadgting disbondment is critically important.

Though many standardized test methods already, extist were used in this project, it was
crucial to validate that the test methodology useudld reproduce in-service failure modes. The
development of the test procedure was divided different steps that included: 1) surface
preparation, 2) adhesion strength measurementsyrgjce pH, 4) coating underside chemistry,
and 5) anchor pattern. Below we describe the effedtthe different variables on coating

performance and the onset of disbondment.

3.1.1 Adhesion strength

When analyzing adhesion strength of coatings, thypes of coating failure are possible: i)
adhesive, ii) cohesive, and iii) substrate failufeggure 1 illustrates the three different failure
modes. In an adhesive failure the coating sepafaiesthe substrate cleanly and does not leave
any coating attached. In a 100% cohesive failure,doating breaks within itself and leaves a
continuous layer of coating on the substrate etilengh the surface may have been completely
removed. The third type of failure occurs when shstrate itself fails rather than the coating.
This failure mode is common in concrete and it gelhe indicates the presence of a weakly
adhere corrosion product. As explained by Mugngrif@ny type of failure is to be tolerated, a
cohesive failure as shown in Figure 1b is preferfethilure similar to the one shown in Figure
1b indicates that the bond between the steel sibsand the coatings remained intact and the
coating still provides some protection. Changeadhesion strength and failure mode are both
indications of aging processes that could leadhtewveentual coating failure.

DNV Reg. No.: 811 Brossia (101131)
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Figure 1. Types of coating failure: a) adhesive, b) cohesawel c) Substrate failure.

The quantification of the adhesive strength of tleatings was performed using the ASTM
D4541 “Pull-Off Strength of Coatings Using Portabfelhesion Testers” standard. This
procedure was chosen over the scribe adhesion bestsuse it is quantitative and more
reproducible [9]. Quantification of the adhesioresgth is necessary to understand the effects of
the different variables on the overall coating parfance. Once cathodic disbondment has been
initiated, the adhesive strength of the coating @@crease significantly. Thus, adhesive strength
is the fist parameter that could indicate the presef disbondment.

The main limitation of this technique is the need & strong two-part epoxy adhesive. This
adhesive is used to attach a test dolly to thempaturface. In this regard, if the bond between
the dolly and the coating is weaker than the bagtdveen the coating and steel substrate, the test
dolly would pull-off without measuring the coatibgnd strength.

DNV Reg. No.: 811 Brossia (101131)
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Since the strength of the epoxy adhesive was egtseimportant, several commercial products
were evaluated to determine which would give tlghést strength. Only two products showed
reasonable performance: Huntsman Araldite 8595AHumatsman Araldite 2022. In both cases
the maximum strength could reach approximately 6@80 if properly cured. The main
advantage of the Araldite 8595A over the 2022 & the product is designed to cure on greasy
or dusty surfaces, making it a better choice feldfapplications.

3.1.2 SurfacepH

As described in the Introduction, one of the hypsts for coating disbondment suggests that a
highly alkaline environment, a consequence of @RJctweaken the bond between the coating
and the steel substrate. Thus, measuring the sudbiccan help in the determination of the
coating failure mechanism. To accomplish this,ghieof the steel surface and the failed coating
surface were measured using graduated pH stripsase regions where the coating failed after
the pull-off adhesion test.

3.1.3 Coating underside chemistry

Understanding the environment that is generateddens disbonded region is critical for
establishing the actual degradation mechanism.his tegard, one of the most important
variables to determine is the concentration of tiions at the surface. Using this information,
the electro migration of ionic species inside ddiged region could be inferred.

Several extraction and detection techniques ekistertheless, as shown by Ruschau [9], the
Bresle titration kit (described in the ISO 8502+4amslard) provided accurate results in an
inexpensive and reproducible way. As a consequdheeBresle kit has been implemented in
this work.

In addition to chloride detection, the presencesofface rust was also examined and the
composition of the oxide analyzed using X-ray @iftion (XRD). The coating under disbonded
regions was evaluated using Fourier transformedriedl spectroscopy (IRS).

3.1.4 Anchor pattern

The surface roughness is another critical parantieétrgreatly influences adhesion. The surface
roughness was measured using two different tecksiqy Testex Surface Profile and ii) Surface
Laser Profilometry. The Testex kit is a rapid, dibtiendly test that can estimate the surface
roughness by measuring the peak height of the @igeofile. However, this procedure is more
gualitative in nature and the repetitiveness of tdsts depends on the expertise of the person
conducting the measurement. In contrast, extreraetyrate surface roughness measurements
can be obtained by surface laser profilometry (prvealent interferometry techniques). In order

DNV Reg. No.: 811 Brossia (101131)
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to conduct laser profilometry on the pipe sampsesface replicas are extracted using a Struers
Repliset Kit. The replica was then analyzed inléimratory.

3.1.5 Demonstration of the procedure on actual pipe sections

1) The first step consisted of documenting theepgonditions including o’clock position,
description of any visible damage, operationaldmstof the pipe, and type of coating. In
addition, soil conductivity and pH were measuretidnever possible this can be done in the
lab by bringing soil samples in adequate contajners

2) After documenting the pipe history and conditioany completely disbonded coating is
removed using a utility knife.

3) The next step consists in cleaning the surfacde analyzed. The cleaning procedure
depends on the type of coating to be analyzed.

3.1) Fusion Bond Epoxy (FBE)
i) Dirt/debris from surface is removed using watad a soft bristle brush or pad.
il) The surface is then gently abraded with a stragiad.
iii) The surface is subsequently degreased witla@oropriate solvent (ethyl alcohol or
acetone are preferred for most applications).

a b
Figure 2. Cleaning steps for FBE coated pipes. a) stepstdy ii, and c) step iii.

3.2) Coal Tar Enamel (CTE)
i) Dirt/debris from surface is removed using watad a soft bristle brush or pad.
i) If present, external tape-wrap is first removwedxpose the underlying coal tar layer.
iii) The surface is then abraded with a wire brush.

DNV Reg. No.: 811 Brossia (101131)
Revision No.: 1
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a b
Figure 3. Cleaning procedures for coal tar enamel coatedspgieStep i, b) steps ii and iii.

4) Dollies are prepared according to the manufactprocedures. An abrasive pad or sandpaper
is used to remove any contamination form the sarf#che dolly. Solvent (acetone) is used
to degrease the base of the dollies to improvesadhe

5) The two part epoxy-base adhesive (Huntmman 8%593022) is mixed according to the
instructions provided by the manufacturer. Theafsaixing nozzles is preferred.

6) The epoxy is then applied to the back sideh& &luminum dollies (one at the time).
Immediately after applying the epoxy, each dollpdsitioned on the pipe surface. To obtain
the highest adhesion strength from the epoxy adégair bubbles have to be removed. This
can be done by firmly pressing the dolly againg fipe surface until all the excess is
displaced. Dollies must be secured to the pipeasarbvernight using tape to facilitate curing
of the epoxy.

b

Figure 4. Procedure to adhere the dolly to the pipe surfacelniformly embed the base of the dolly with the
epoxy-base adhesive and b) firmly press the dailthe pipe surface until all the excess is displace

7) Once the two-part epoxy adhesive has propedsed; pull-off adhesion strength is
determined following ASTM D7234 standard proceduBefore proceeding, it is important

DNV Reg. No.: 811 Brossia (101131)
Revision No.: 1
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8)

9)

to verify that the diameter of the dolly shown twe display matches the dolly that is being
used.

After testing, dollies are clearly labeled anthcpd in containers matching the same
identification convention.

Only for the areas where partial or completeesi/e failure was observed, chloride and pH

characterization are conductéthe Bresle patch for swab extraction is prepa@mbrding to

the 1ISO 8502-6 standard. The pH paper for pH assa#sneeds to be ready at the same
time.

10) pH determinatianThe first step consists in immersing the swah lmeaker containing 2 ml

11)
12)

of deionized water and gently damping the surfacéhe pipe. The swab is then pressed
against the pH paper indicator while attemptingniaimize the amount of water remaining

on the paper. The reading is entered immediateltherdata sheet. After measuring the pH,
the swab is placed in a clean empty glass conta@ndrthe remaining water extracted by
pressing the swab against the walls of the containe

Figure5. Example of pH determination procedure.

The swab extraction is repeated one more Witfeout measuring pH.
Chloride contentTo determine chloride content, a Bresle deteckibris recommended.

The procedure described in the ISO 8502-10 standdllowed and the results recorded
on the data sheet.

el
e |
|

LT e
Figure 6. Bresle kit for chloride determination.
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13) After pH and Chloride detection the anchor gratthas to be determined. To do so, the
Struers Repliset epoxy kit has to be applied onpipe surface and proper curing time
allowed (approximately 30 minutes). After curingetepoxy needs to be peeled off and
placed on a glass slide in a bag for further amalgsd subsequent imaging.

Figure 7. Application of Struers Repliset Kit. a) Applicatiof the resin on a pipe surface using the
application gun and the mixing nozzles providedh®/manufacturer, and b) optical stereo-micrograph
of the replicated surface showing the anchor patéthe pipe.

14) The Testex surface profile gauge is used taagaifile measurement. The procedure used
was as follows: i) the initial thickness of thenfilis measured prior to use with the snap
gauge, ii) the film is applied on the uncoated atef Then, the round cut out portion of the
“Press O Film” is rubbed over using the burnishiogl provided with the kit. The film will
become uniformly darker when replicated. The figthen placed between the anvils of the
snap gauge and the measurement recorded. Finalyprbfile, in mils, is obtained by
subtracting the initial thickness of the film frahe profile measurement.

Figure 8. Use of the Testex Surface Profile gauge to obtaifase roughness.

15) If evident signs of surface oxidation were aotsd, samples of surface rust are brought to the
lab for analysis.
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4 CHARACTERIZATION OF AVAILABLE AND ADDITIONAL PIPE
SECTIONS

An evaluation of existing coated pipe sectionshia DNV Columbus inventory was conducted.
FBE, coal tar enamel (CTE), and reinforced coakteamel (RCTE) coated pipes were selected.
FBE sections were obtained from pipes in serviceafiout 20 years, whereas coal tar samples
represented pipes often more than 50 years olé $8ptions were analyzed according to the
procedures described in Section 3 above.

Based on an initial survey of DNV Columbus invegtot was found that no available pipe
sections showing visible signs of coating disbondinveere available. The main reason for this
is that the coatings were usually removed fromatiiected area during any failure investigation
conducted in the field. In many cases the remo¥#h@ coating was done prior to shipping the
pipe segment for additional study and analysifienlaboratory. However, the absence of visible
signs of disbondment was not necessarily an indicdhat the coated pipes were free of defects.
Results from examining a series of pipe segmeets@nmarized in the tables below.

Figure 9. Example of Pull-Off adhesion strength dollies ngron a FBE-coated pipe.
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Table 1. Results of Pull Off Adhesion Tests on RIp&BE # 3
Dolly# Dolly Size L ocation Strength Epoxy Type Failure Type
1 14mm Flat Surface 1735psi Huntsman 8595 No Failur
2 20mm Flat Surface 3302psi Huntsman 8595 No Failur
3 14mm Flat Surface 3620psi Huntsman 8595 No Failur
4 14mm Flat Surface 2142psi Huntsman 8595 No Failur
5 20mm Flat Surface 6632psi Huntsman 8595 No Failur
6 20mm Flat Surface 2680psi Huntsman 8595 No Failur
7 14mm Flat Surface 3388psi Huntsman 8595 No Feailur
8 14mm Flat Surface 3028psi Huntsman 8595 No Feailur
9 14mm Flat Surface 3734psi Huntsman 8595 No Feailur
10 20mm Flat Surface 2518psi Huntsman 8595 No Feailu
Table 2. Results of Pull Off Adhesion Tests on RIp&EBE # 3
Dolly # Dally Size L ocation Strength Epoxy Type Failure Type
1 14mm Flat Surface 2376psi Huntsman 2022 Coatailgiie
2 14mm Flat Surface 3497psi Huntsman 2022 Coulgbubboff
3 14mm Flat Surface 4144psi Huntsman 2022 No Failur
4 14mm Flat Surface 2768psi Huntsman 2022 No Failur
5 14mm Flat Surface 3618psi Huntsman 2022 No Failur
6 14mm Flat Surface 2124psi Huntsman 2022 No Failur
7 14mm Flat Surface 3510psi Huntsman 2022 Coulgabboff
8 14mm Flat Surface 3820psi Huntsman 2022 No Failur
9 14mm Flat Surface 4218psi Huntsman 2022 No Feailur
10 14mm Flat Surface 1500psi Huntsman 2022 No Feailu
Table 3. Results of Pull Off Adhesion Tests on RIp&BE # 11
Dolly # Doally Size L ocation Strength Epoxy Type Failure Type
1 14mm Flat Surface 1131psi 8595 Adhesion Failure
2 14mm Flat Surface 2892psi 8595 Adhesion Failure
3 14mm Flat Surface 2436psi 8595 Adhesion Failure
4 14mm Flat Surface 2176psi 8595 Adhesion Failure
5 14mm Flat Surface 1272psi 8595 Adhesion Failure
6 14mm Flat Surface 1558psi 2022 Adhesion Failure
7 14mm Flat Surface 3336psi 2022 Adhesion Failure
8 14mm Flat Surface 3092psi 2022 Adhesion Failure
9 14mm Flat Surface 2118psi 2022 Adhesion Failure
10 14mm Flat Surface 4088psi 2022 Adhesion Failure
11 14mm Flat Surface 1466psi 2022 Coating Failure
12 14mm Flat Surface 2454psi 2022 Adhesion Failure
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Table 4. Results of Pull Off Adhesion Tests on RIp&BE # 12.

Dolly # Doally Size L ocation Strength Epoxy Type Dolly #
1 14mm Flat Surface 1284psi 2022 Adhesion Failure
2 14mm Flat Surface 2720psi 2022 Adhesion Failure
3 14mm Flat Surface 2562psi 2022 Adhesion Failure
4 14mm Flat Surface 2364psi 2022 Adhesion Failure
5 14mm Flat Surface 2576psi 2022 Adhesion Failure
6 14mm Flat Surface 3278psi 2022 Adhesion Failure
7 14mm Flat Surface 2982psi 2022 Adhesion Failure
8 14mm Flat Surface 952psi 2022 Adhesion Failure
9 14mm Flat Surface 1344psi 2022 Adhesion Failure
10 14mm Flat Surface 2308psi 8595 Adhesion Failure
11 14mm Flat Surface 1916psi 8595 Coating Failure
12 14mm Flat Surface 3256psi 8595 Adhesion Failure
13 14mm Flat Surface 972psi 8595 Adhesion Failure
14 14mm Flat Surface 1776psi 8595 Adhesion Failure
15 14mm Flat Surface 1806psi 8595 Adhesion Failure

Table5: Characterization of CTE pipe # 1. PSI Indicateseaddn strength in PSI.

DNV Reg. No.: 811 Brossia (101131)

Revision No.: 1

Date : 11/31/2010

Dolly Number (ID) PSI Failure Type Chemistry
pH Cl- (ppm)
1 386 cohesive XXX XXX
2 497 cohesive XXX XXX
3 488 cohesive XXX XXX
4 379 cohesive XXX XXX
5 426 cohesive XXX XXX
6 379 cohesive XXX XXX
7 331 cohesive XXX XXX
8 261 cohesive XXX XXX
9 212 cohesive XXX XXX
1 394 cohesive XXX XXX
2 661 cohesive XXX XXX
3 664 cohesive XXX XXX
4 197 cohesive XXX XXX
5 652 cohesive XXX XXX
6 115 cohesive XXX XXX
7 683 cohesive XXX XXX
8 191 cohesive XXX XXX
9 465 cohesive XXX XXX
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Table 6: Characterization of CTE pipe # 2. PSI Indicatdsestbn strength in PSI.

Dolly Number (ID) Epoxy PSI Failure Type Chemistry
pH | Cl- (ppm)
1 2022 XXX XXXXX XXX XXX
2 2022 148 cohesive XXX XXX
3 2022 295 cohesive XXX XXX
4 2022 177 cohesive XXX XXX
5 2022 308 cohesive XXX XXX
6 2022 291 cohesive XXX XXX
7 2022 284 cohesive XXX XXX
8 2022 337 cohesive XXX XXX
9 2022 XXX XXXXX XXX XXX
10 2022 XXX XXXXX XXX XXX
1 8595 474 cohesive XXX XXX
2 8595 551 cohesive XXX XXX
3 8595 394 cohesive XXX XXX
4 8595 375 cohesive XXX XXX
5 8595 481 cohesive XXX XXX
6 8595 303 cohesive XXX XXX
7 8595 385 cohesive XXX XXX
8 8595 322 cohesive XXX XXX
9 8595 XXX XXXXX XXX XXX
10 8595 260 cohesive XXX XXX

Tables 1-4 summarize the results obtained for FIPE pamples and Tables 5 and 6 the results
of CTE sections. Additional CTE and RCTE pipe smwi were tested all showing identical
results to the ones presented in Tables 5 and 6.

As can be seen from Tables 1-4 the variabilityhef adhesion strength was significant. This was
due to differences in curing of the two-part epaexihesive used to attach the dollies to the pipe.
Nevertheless, properly cured, defect-free FBE ogatshowed adhesion strength values greater
than 4000 psi, and in some cases greater than @0These adhesion strengths are above the
adhesion strength of most commercial adhesivesaanal result “adhesion failures” (the epoxy
bond between the dolly and the coating rather thanbond between the coating and the pipe
failed) were noted. As shown in Tables 1-4, threthe FBE coatings did fail at a single location
on each of the three different pipes. Surface dtarzation was conducted on those areas as
described by the standardized technique in Se8tjmreviously. Results from analyzing the three
failure locations are summarized on Table 7. Acowydo these results, coating failure occurred
on the order of 1400 — 2400 psi. There were nossgjrchloride contamination and the pH was
near neutral.
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Table 7. Results of Pull Off Adhesion Tests on Pipe ID FBE2#

PipelD Dolly # Failure Strength pH Chloride

FBE# 3 1 2376psi 6 <31ppm
FBE # 11 11 1466psi 6-7 <31ppm
FBE # 12 11 1916psi 6-7 <31ppm

In contrast, all the tests performed on CTE and RCdatings showed cohesive failure with a
maximum strength that varied from about 200 p€i@0 psi. A typical cohesive failure is shown

in Figure 10. Because most of the available FBE@es did not show any signs of deterioration,
as evidenced by the extremely high adhesion stnengtues, it was decided to intentionally

damage the coatings to assess the conditions tpaalisuch superior adhesion (Figure 11). FBE
coated sections were heated with a methane torchfw minutes until blistering was observed
on the surface of the pipe. Dollies were attachedu@as showing evident signs of blistering.
The entire standardized procedure was then followgyical results are summarized below.

Figure 10. Typical appearance of coal tar coating showirtzesove failure.

Figure 11. Typical appearance of an intentionally blisteFBE coated pipe.

DNV Reg. No.: 811 Brossia (101131)
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Table 8. Test results for pipe FBE #2 - Blistered.

Dally ID Location  Coating Failure PSl pH Cl Testex Profile
Dolly#1 Blister yes 368 5-6 <31ppm 2.7mils
Dolly#4 Blister yes 104 5 <31ppm 3.1mils

Dolly#7 Blister yes 768 5-6 <31ppm 2.7mils
Dolly#8 Blister yes 0 6 <31ppm 4.2mils

Dolly#10 Blister % removal 368 5-6 <31ppm 2.8

As can be observed from Table 8, the surface uneleict free FBE showed no signs of chloride
contamination as evidenced by the titration analyBhe pH of those areas was between 5 and 6,
and the surface profile corresponded to a whital daast finish. The typical roughness was
measure to be approximately 2-3 mils.

In contrast to the FBE case, heating of the pipéasa melted the coal tar layer producing no
blistering. Likewise, as shown in Table 5 and T&hI€TE and RCTE sections always produced
cohesive failures, making further surface charaagon impossible. Thus, consecutive pull-off
adhesion tests were conducted on the same locati@sattempt to eventually induce adhesive
failure of the coating. Cohesive failures were obsé even after pulling 3-4 layers of the CTE
coatings. There always seemed to be a thin codiltaradhered to the surface, which is an
indication of a well performing coating. As a cogsence, no surface analysis could be
performed on coal tar enamel sections after pdladhesion tests.

To overcome this problem, areas of the coal tampséesnwvere impacted by a hammer to remove
small fragments of the coating. Surface chemistrgiysis were conducted under those regions
and compared against results of defect-free FBHEirgs Table 9 summarizes the chemistry
under coal tar coatings. Results shown in TableeSsanilar to the findings presented for the

intact FBE coatings. The pH was about neutral aedsturface chloride content below 31 ppm.

Table9. Surface under coating chemistry on Coal Tar samples

Pipe D pH Chloride

pH#1 pH#2 pH#3 pH#4 CL#1 CL#2 CL#3 CL#4
CT#5 5-6 5 5-6 5 <3lppm <3lppm <3lppm <3lppm
CT#2 5-6 6 5 5 <31lppm <3lppm <3lppm <3lppm
CT#3 5 5 5-6 5 <31lppm <3lppm <3lppm <3lppm
CT#4 5 5 5 <3lppm <31lppm <3lppm -
RCT#2 5 5 5 5 <31lppm <3lppm <31lppm <31lppm
RCT#1 5 5 6-7 5 <31ppm <3lppm <3lppm <31lppm

4.1 Cathodic Disbondment Tests (CDT) on New and Aged Pipe Sections

Since the characterization of aged FBE and CTE pgmions indicated no signs of coating
disbondment and the surface condition of the gigel to coating application was unknown, it

DNV Reg. No.: 811 Brossia (101131)
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was necessary to develop a series of laboratotyg pcacedures to study the initiation of coating
disbondment. The tests were divided in three: iI)T@D new pipe sections, ii) CDT on aged pipe
sections, and iii) CDT on flat coupons. In this temt the results of this investigation are
presented and discussed in detail.

4.1.1 CDT on new pipe section and coupons
4.1.1.1 New Pipe Sections

The objective of this aspect of the investigatiomsvio quantify the effects of surface finishing
and cleanliness on the performance of FBE coatimger CP. Four new pipe sections of about
70 cm in length and 25 cm in diameter with a wisisd-blast finish were obtained from

LaBarge Pipe & Steel Co. Four different surfaceditions were then produced: 1) as-received
(no contamination), 2) chloride contaminated, 3asHfi rust, and 4) mud and grease
contamination.

The sample in the as-received condition was cleased) a mixture of deionized (DI) water and

an alkaline detergent (Liquinox), followed by fin@l water rinse. The pipe section was then
dried using compressed nitrogen and placed in Eedesdorage bag to minimize oxidation.

Chloride contamination was achieved by uniformlyaging a 0.5 M NaCl solution over a clean

pipe section that was heated above 100 °C. Inwhig the solution evaporated immediately
upon contacting the pipe surface leaving a thiroritk-rich layer. The flash rust surface

contamination was obtained by placing a clean gigetion in a furnace at 60 °C and 100%
relative humidity (RH) for 7 days. Finally, mud agtease contamination was produced by first
leaving fingerprints on the surface of a clean mpe then dipping the section in a container
filled with a suspension of DI water and Dublin IsdAll sections were stored in a sealed

container. After the surface pre-treatment was deteg samples were sent to Custom Pipe
Coating, Inc for FBE application.

Coated samples were cut into two equal segmentslaadcterized prior to the CDT following
the procedure described in Section 3. As shownigarE 12, adhesion strength was highest for
the sample in the as-received condition. Adhestaength reached, on average, approximately
4000 psi with no coating failure. Adhesion strendétreased for the other three conditions with
chloride contamination showing the lowest valued. the samples subject to surface pre-
treatments showed some degree of coating failuxelead-ontamination was the best performing
treatment.

Table 10 shows the results of the surface chemigtgracterization conducted on the pipe
sections before CDT. In this case surface chanaatewn was conducted using ion exchange
chromatography (IEC). As observed in Table 10,dh&as some variability in the amount of
chloride detected by IEC, which reflects the vatigbon the amount of chloride recovered
during swab extraction. Surface chloride variedr83.40 to 127 ppm. Virtually no chloride
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was found in the oxide and mud-grease samples.ld @iefluoride, bromide, phosphate, and
sulfate were almost negligible.

Adhesion Strength Before Exposure
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Figure 12. Adhesion strength before exposure as a functiGudace treatment.

Table 10. Surface characterization via IEC before exposure.

Sample ID Location Analyte Composition (ppm)
Fluoride |Chloride | Nitrite  Bromide [Nitrate PHosphate dulfa te
Oxide B 3 o'clock 0.76 2.04 ND ND ND ND ND
NaCl A 12 o'clock 0.25 126.00 ND ND ND ND 5.23
NaCl A 3 o'clock ND 70.30 ND ND ND ND 2.89
NaCl A 9 o'clock ND 127.00 ND ND ND ND 3.52
NaCl B 12 o'clock ND 50.00 ND ND ND ND 0.40
NaCl B 3 0'clock ND 3240 ND ND 0.26 ND 1.97
NaCl B 9 o'clock ND 46.60 ND ND ND ND 247
Mud & Grease A 3 0'clock ND 1.73 031 ND ND ND 0.38
Mud & Grease A 9 o'clock ND 1.54 0.30 ND 0.33 3.44 ND
Mud & Grease B 12 o'clock 1.38 3.23 ND ND ND ND ND
Mud & Grease B 3 o'clock ND 2.67 ND ND ND 1.39 0.88

To induce coating disbondments, acrylic cells waitached to the available pipe samples. A
small defect was introduced in the coating in otdegxpose the bare pipe surface. The exposed
area was approximately 0.4 €nThe acrylic cells were filled with Dublin soil e resistivity of

the soil was adjusted to 900 to 10R-km using a solution containing 0.5 M NaCl. An Mgpde
was electrically connected to the pipe in ordeintbuce some level of cathodic protection. Tests
were conducted at room temperature. The experimsatap is summarized in Figure 13 and
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Figure 14. Theon and instanbff potentials were monitored twice a week. The daratf the
tests was 55 days. A chemical analysis of theusmHt for these tests is shown in Table 11. The
chemical analysis was performed using colorimetnd titration methods.
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Figure 14. Picture of the 8 pipe sections used for this stigation.

Table 11. Chemical analysis of the soil before testing.
SO NS Soluble Anions, mg/kg pH AE?J% alg;)lﬁilty I\étc))is:g:: Resistivity
Soil mg mg % Ohm-cm
CaCQy/kg | CaCQ/Kg

Field ID mg/kg
ca&® Mg® | NO, NOy cr SOy S CO* COy

100g of Soil
in 500 ml 318.8 64.4 0.157 4.184 90.1 376.36 <24 2545 517.8.11 0 424.2 24.56 2300
H,O
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Results ofon and instantff potentials are shown in Figure 15. As shown inuFeégl5 theon
potentials were more negative than the -0.95V roitefor the duration of the test. However, the
instanteff potentials were lower than the -0.95 V insteffteriterion and very scattered during
the test. Nevertheless, due to the haghpotentials, the exposed defects were polarizeithen
region where hydrogen evolution is expected.

On-Off Potential Readings

—— NaCl ON (Cell A) —>— NaCl OFF (Cell A) —&—NaCl ON (Cell B) —&— NaCl OFF (Cell B)
—— Mud ON (Cell A) —O— Mud OFF (Cell A) ——Mud ON (Cell B) — X — Mud OFF (Cell B)

----- Oxide ON (Cell A) — < — Oxide OFF (Cell A) — 4 - Oxide ON (Cell B) —=a— Oxide OFF (Cell B)
—+— As-Received ON (Cell A) —*— As Received OFF (Cell A) — -0 — As-Received ON (Cell A) —+— As Received OFF (Cell B)
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Figure 15. On-off potential readings during the 55 days>qfasure.

After exposure the acrylic cells were removed draldurface of the pipe sections prepared for
pull-off adhesion testing. Dollies were placedratremental distances from the original defect in
a cross-like pattern. The distance between conisecdbllies was approximately 5 cm. Figure

16 illustrates the post-exposure adhesion expetahesetup assuming that macroscopic
disbondment occurred.
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Figure 16. Post-exposure experimental setup showing theitotaf the dollies. Pull-off adhesion tests were
conducted at incremental distances from the defect.

Results of the pull-off adhesion tests are showavbeThe bars in the charts shown in Figure 17
to Figure 24 represent the adhesion strength medsura given position. The defect is located

at the center of the x and y axes. Correspondimgoginaphs of the failed areas are also shown.
Table 12 summarizes the average surface chemesuyts. Chloride and pH measurements were
taken from both the steel surface and the backefdiled FBE coating as illustrated in Figure

25.

Pull-off Adhesion (psi)

Figure 17. As-received Section #A: a) adhesion strengthtgralirface after pull-off test
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Pull-off Adhesion (psi)

Pull-off Adhesion (psi)

Figure 19. Chloride Contamination Section #A: a) adhesioargith and b) surface after pull-off test
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Figure 21. Oxide Contamination Section #A: adhesion strength
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Figure 22. Oxide Contamination Section #B: a) adhesion gtteand b) surface after pull-off test

Figure 23. Mud/Grease Contamination Section #A: a) adhesfingth and b) surface after pull-off test
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Figure 24. Mud/Grease Contamination Section #A: a) adhestmngth and b) surface after pull-off test

Table 12. Average chemistry measurements as a functioorfdee treatment
Surface pH

Pull-off Adhesion (psi)

Surface Surface Chloride Surface Chloride Surface pH
Condition Content (ppm) on FBE (ppm) P on FBE
As-Received <31 <31 5 4-5
NaCl 44-57 50-97 4-5 5-6
Oxide <31 <31 5-6 5
Mud-Grease <31 <31 5 4-6
DNV Reg. No.: 811 Brossia (101131)
Revision No.: 1
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Surface Chemistry on FBE

Surface Chemistry on Pipe

Fi‘gure 25. Surface chemistry was measured on both the stibstrate and the back of the failed FBE coating.

As seen in Figure 17 and Figure 18, the adhesimangth of the coating near the defect
decreased from about 4000 psi to less than 180@ffesi exposure. The dollies placed in the
proximities of the defect were included within theea that was covered by the acrylic cell
during the CDT. However, as seen in Figure 18, ingafailure also occurred outside the

exposure region. That is, the failure zone extermand the actual exposed area for the CDT.
This observation combined with the fact that notiogafailure occurred on the tests before

exposure seems to indicate that the extensioneofctiating damage was not confined to the
region exposed to the soil environment.

To determine the actual extent of the damage, dldirgg was gently scraped off using a utility

knife. All the coating that was easily peeled wille knife was removed. The surface pH was
measured at the defect and, at least, at four édlations to determine if a possible gradient in
pH along the failed surface existed. Results aogvahin Figure 26. As seen in Figure 26, the pH
was approximately 10-11 in the region surroundihg tdefect; but was nearly neutral

everywhere else. Figure 27 shows the results a@néra test performed on the same pipe away
from the affected area. The test was conductectterohine whether the large extent of coating
failure was somehow related to defective or poatiog application. As seen in Figure 27,

peeling of the coating was difficult and confineal the area near the CDT exposure area.
Although a defective coating due to applicatioroesrshould not be completely ruled out, these
results seem to confirm that the disbonded regidengeling outside the area exposed to the CDT

was likely caused by the CDT experiment itself. dale explanations for this observation will
be discussed later.

DNV Reg. No.: 811 Brossia (101131)
Revision No.: 1
Date : 11/31/2010 Page 27



DET NORSKEVERITAS
Report for PHMSA
Dissecting Coating Disbondments

MANAGING RISK

The area exposed to the soil is
clearly demarked

Figure 27. Control test showing that away from the damaged geeling of the coating was not possible, in@figat
good adhesion.

As seen in Figure 19 and Figure 20, the adhesi@mgth measured on the samples that were
pre-treated with chloride was the lowest. No sigaiit changes were found in the surface
chloride measurements after testing and the pHeasurface of the pipe and at the failed coating
were close to neutral. After pull-off adhesion measents, the coating was gently scraped with
a utility knife and the pH measured at various fmres. As shown in Figure 28, almost the entire

coating was removed by the knife. In this case, éxas, this was not necessarily caused by the
CDT since adhesion was affected by the pre-tredat@&®videnced by the initial low strengths
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measured before CDT testing. The objective of thlere pre-treatment was to evaluate how
the presence of chloride affects ionic migratiohe Burface pH was 6-7 everywhere but at the
proximities of the defect, where the pH reachedl10The back side of the failed coating near
the defect also showed a pH of 10-11.

| P= N\

Figure 28. Extent‘of ‘the:':lttack and pH indicatior after @stchlo:ide pre-treated pipe.

Similar results were obtained for mud/grease andeopre-treatments. In both cases adhesion
strength was in between the as-received and ckl@ades as illustrated in Figure 21 to Figure
24. Measurements of surface pH and chloride contené also in line with previous findings.
Removal of the coatings by scraping revealed tmatpH increased to values near 10-11 only at
locations near the defects. Removal of the coativegs almost complete. As in the chloride pre-
treatment case, this was not necessarily causéaeb@DT but by the lower adhesion strength of
the FBE coating as a consequence of having a camsed surface prior to coating application.

4.1.2 CDT on aged pipe sections

CDT was also conducted on aged FBE and coal tdedqapes available at DNV Columbus.

The objective of this investigation was to induoating disbondments so that the evolution of
the chemistry under the affected area could beyaedl and compared with the laboratory
generated sample results.

For CDT on aged pipe sections, two types of elégre were used: i) 0.5 M NaCl and ii)
Dublin soil. In contrast to the previous tests, itligal surface condition was unknown. Since the
pipe sections were stored outdoors, the temperafutiee tests was not controlled. Mg anodes
were used as before to induce cathodic protection.
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A total of 8 pipe samples were tested: 2 FBE, 4 & 2 RCT with average service lives greater
than 15 years. Two cells (one with NaCl solutiod ame with soil) were attached to each pipe
sample. In NaCl, gas (hydrogen) evolution occurnechediately after connecting the steel pipe
to the Mg anode, as shown in Figure 29.

C d
Figure 29. Gas (hydrogen) evolution is withessed by the foiomadf bubbles at the holiday after connecting the
steel substrate with the Mg sacrificial anode foalCTar in a) and b) and on FBE in c) and d).

On and instanbff potentials readings were taken periodically. Resate shown in Figure 30.
For NaCl and soll, then potential averaged about -1.5 V vs Standard Cdl&teetrode (SCE).

In NaCl, the instant-off potential gave, on average75 V vs SCE. The average difference
between then and the instantff potential gave a polarization of about 750 mV. Tstanteff
potential in soil was very erratic and averagedreximately 700 mV, giving a difference of -
800 mV with respect to than potential.

DNV Reg. No.: 811 Brossia (101131)
Revision No.: 1
Date : 11/31/2010 Page 30



DETNORSKEVERITAS

Report for PHMSA
Dissecting Coating Disbondments

o
Eo

MANAGING RISK

¥
&
<

ON/OFF Potentials

—o—ON_FBE_Pipe_1 —0— OFF_FBE_Pipe_1 —&— ON_FBE_Pipe_2 —>— OFF_FBE_Pipe_2 —%—ON_CT_Pipe_1 —O0—OFF_CT_Pipe_1

0
1
044 — — — —
-0.6 1
-0.8 1

i1

1.2 4 =2

POtential (V) vs CuCuSO ,

1.4

0.00 20.00 40.00 60.00 80.00 100.00
Time (Days)

a

ON/ OFF Potentials

—=&—Yellow Jacket - ON —O— Yellow Jacket - OFF ——CT - ON 1 —o—CT-OFF1
—8—RCT-ON —6—RCT - OFF —+H—FBE - ON —%—FBE - OFF

Potential (V) vs CuCuSO ,

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00

Time (days)
b

Figure 30. On and instant off potential readings: a) in 0.3NBICI and b) Dublin soil.

The duration of the test in 0.5 M NaCl was 120 dayd the duration of the tests in soil was 45
days. After testing the cells were removed andpipe sections characterized following the
standard procedure described in Task 1. Resultssihaosvn below. Results are sorted by
environment and coating type. In Tables 12 to Bdablumn labeled Epoxy refers to the type of
adhesive used to attach the dollies to the pipacer A selected number of samples were sent
for ISC analysis. Results are shown in Table 21 Eadue 22.
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Table 13. Adhesion strength and surface characterizatiom &fel: FBE in 0.5M NaCl

Dolly Number (ID) Epoxy Dolly Size Strength Failure Type Chemistry
Type mm PSI pH Cl- (ppm)
H1 2202 14 3900 epoxy XXX XXX
H2 2202 14 1320 adhesive 5t06 <31 (0Q)
H3 2202 14 397 adhesive 5t0 6 <31 (0Q)
H4 2202 14 4688 epoxy XXX XXX
V1 2202 14 3748 epoxy XXX XXX
V2 2202 14 2136 partial adhesive 5t0 6 <31 (0Q)
V3 2202 14 468 partial adhesive 5t0 6 <31 (0Q)
V4 2202 14 3878 epoxy XXX XXX
Table 14. Adhesion strength and surface characterizatiom &fel: CT #1 in 0.5M NaCl
Dolly Number (ID) Epoxy Dolly Size (mm) PSI Failure Type Chemistry
pH Cl- (ppm)
H1 8595 20 456 adhesive 5 <31 (0.1Q)
H2 8595 20 692 adhesive 6 0 (0Q)
V1 8595 20 476 adhesive 5.5 0 (0Q)
V2 8595 20 692 adhesive 6 <31 (0.4Q)
H1 8595 50 220 cohesive XXX XXX
H2 8595 50 161 cohesive XXX XXX
V1 8595 50 331 cohesive XXX XXX
Table 15. Adhesion strength and surface characterizatiom &fer: CT #2 in 0.5M NaCl
Dolly Number (ID) Epoxy Dolly Size (mm) PSI Failure Type Chemistry
H1 2202 14 724 cohesive XXX XXX
H2 2202 14 XXX XXXXXXX XXX XXX
H3 2202 14 376 cohesive XXX XXX
H4 2202 14 XXX XXXXXXX XXX XXX
V1 2202 14 338 cohesive XXX XXX
V2 2202 14 XXX XXXXXXX XXX XXX
V3 2202 14 572 cohesive XXX XXX
V4 2202 14 438 cohesive XXX XXX
H3 (2) 2202 14 924 partial adhesive 6to7 <31 (0.4Q)
H4 (2) 2202 14 527 cohesive XXX XXX
Table 16. Adhesion strength and surface characterizatiom &l CT #3 in 0.5M NacCl
Dolly Number (ID) Epoxy Dolly Size (mm) PSI Failure Type Chemistry
pH Cl- (ppm)
H1 8595 20 356 cohesive XXX XXX
H2 8595 20 628 cohesive XXX XXX
H3 8595 20 756 cohesive XXX XXX
H4 8595 20 XXX XXX XXX XXX
Vi 8595 20 376 partial adhesive 5.5 47.5 (1.7Q)
V2 8595 20 722 partial adhesive 8 <31 (0.1Q)
V3 8595 20 XXX XXX XXX XXX
V4 8595 20 324 cohesive XXX XXX
Table 17. Adhesion strength and surface characterizatiom &fer: RCT #1 in 0.5M NaCl
Dolly Number (ID) Epoxy Dolly Size Strength Failure Type Chemistry
Type mm psi pH Cl- (ppm)
H1 8595 20 191 cohesive XXX XXX
H2 8595 20 140 cohesive XXX XXX
V1 8595 20 176 cohesive XXX XXX
V2 8595 20 232 cohesive XXX XXX
Table 18. Adhesion strength and surface characterizatiom &fer: RCT #2 in 0.5M NaCl
Dolly Number (ID) Epoxy Dolly Size (mm) PSI Failure Type Chemistry
pH Cl- (ppm)
H1 8595 20 267 cohesive XXX XXX
H2 8595 20 332 cohesive XXX XXX
V1 8595 20 272 cohesive XXX XXX
V2 8595 20 276 cohesive XXX XXX
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Table 19. Adhesion strength and surface characterizatiom &fel: FBE in soil.

Dolly Number (ID) Epoxy Dolly Size (mm) PSI Failure Type
Civi 8595 20 XXX XXXXX
C1iv2 8595 20 XXX XXXXX
civ3 2022 20 1586 partial adhesion
Civ4a 2022 20 XXX XXXXX
ClH1 2022 20 1552 epoxy
C1lH2 2022 20 1412 partial adhesion
C1H3 8595 20 XXX XXXXX
ClH4 8595 20 708 epoxy
c2v1 8595 20 XXX XXXXX
c2Vv2 8595 20 XXX partial adhesion
C2Vs3 2022 20 888 adhesion
Cc2Vv4 2022 20 XXX XXXXX
C2H1 2022 20 XXX XXXXX
C2H2 2022 20 948 adhesion
C2H3 8595 20 XXX partial adhesion
C2H4 8595 20 XXX XXXXX

Table 20. Adhesion strength and surface characterizatiom &el: CT in soil.

Dolly Number (ID) Epoxy Dolly Size (mm) PSI Failure Type
Ccilvi 2022 20 XXX XXXXX
C1Vv2 2022 20 287 cohesive
Cilv3 8595 20 413 cohesive
Cilv4 8595 20 236 cohesive
C1H1 8595 20 233 cohesive
C1H2 8595 20 304 cohesive
C1H3 2022 20 XXX XXXXX
ClH4 2022 20 XXX XXXXX
ca2vi 8595 20 XXX XXXXX
C2V2 8595 20 382 cohesive
Cc2V3 2022 20 324 cohesive
C2V4 2022 20 468 cohesive
C2H1 8595 20 386 cohesive
C2H2 8595 20 201 cohesive
C2H3 2022 20 378 cohesive
C2 H4 2022 20 XXX XXXXX
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Table 21. lon Selective Chromatography results: FBE in 0.5I8CI. ND = Non-detectable.

Sample ID Analyte Composition (ppm)
Fluoride |Chloride | Nitrite  Bromide Nitrate Phosphate Stilfa te
FBE 2 (#4) 0.51 3.25 ND ND ND 6.11 0.63
FBE 2 (#7) 2.14 ND ND ND ND 0.82 ND
FBE 2 (#8) 0.43 5.21 ND ND 0.35 ND 3.00
FBE 1 ND 2.66 ND ND 7.57 2.07 ND
FBE V2 ND 10.60 ND ND ND 2.02 0.70

Table 22. lon Selective Chromatography results: CT in 0.5 MON ND = Non-detectable

Sample ID Analyte Composition (ppm)
Fluoride |[Chloride | Nitrite  Bromide [ Nitrate Phosphate  Slifa  te

CT3 H1 0.43 5.37 ND ND ND 30.70 0.24
CT3 H2 0.31 2.26 ND ND ND ND 04
CT3V1 ND 3.71 ND ND ND 0.91 0.17
CT3V2 ND 4.42 ND ND ND 0.92 0.91

H3 2 0.51 14.2 ND ND ND ND ND
CT5V1 0.6 1.03 ND ND ND 3.05 ND
CT5V2 2.35 93.1 ND ND ND 6.12 0.88

Results obtained for aged FBE in both 0.5 M NaQ aail environments were in line with the
results obtained for new FBE coatings. Adhesioangjth before testing always surpassed the
strength of the adhesives used to attach the dolN® failure of the FBE coating occurred
before the CDT. After testing, however, failuresevebserved at locations near the defect from
where hydrogen evolution was readily visible, Feg@1. Adhesion strength on failed spots
varied from 362 to about 1600 psi. The surface ph$ @lways near neutral and the chloride
content below 31 ppm. IEC analysis (Table 21) camdid the surface chemistry measured using
the Bresle patches.

Defect

Figure 31. Pull-off adhesion measurements showing a failed spar the defect.

Results obtained for CTE samples in NaCl showed dftar CDT, the failure mode near the
holiday changed from purely cohesive to adhesindicating the degradation of the bond
between the steel and the coating (Figure 32). sidhestrength varied from about 300 to 700
psi. In RCTE samples, areas were partial coatinwwal was observed occurred near the defect.
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However, the overall response of the RCT was beften that of CTE coatings as the main
failure mode was cohesive. The pH on the failechaarwas nearly neutral and the chloride
content below 31 ppm. IEC analysis confirmed thierathe contents measured with the Bresle
patches. Only two locations showed elevated chdozmhtents of 14 and 93 ppm compared to all
other locations that were less than 5.4 ppm.

Figure 32. Pull-off adhesion measurements showing a failed spar the defect.

In contrast to 0.5 M NaCl, no adhesive failure waserved in CTE samples exposed to soil.
This was probably a consequence of the shortersexpdime and lower conductivity (and thus
lower current density for the same level of polatian). All the failures were cohesive with pull-
off values between 140 and 400 psi.

4.1.3 CDT on flat coupons

Similar to the tests on new FBE pipe sections, auation of the effects of prior surface

condition on the rate of coating disbondment whsimgi coatings commonly utilized for patch

jobs in the field was performed. As previously ddsed, samples were cathodically protected
using an Mg anode and a defect was introduced dicgpto ASTM G 95. Under these

conditions accelerated failure of the coating wgseeted. Figure 33 shows the actual setup.

Pipe steel coupons were prepared with two surfexcehes and three different types of surface
contamination. The choice of surface finish andtaemnation were based on the previous work
conducted at DNV Columbus (at the time CC Technek)gby Ruschau, et al. [9]. Table 23
summarizes the selected surface conditions.
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Figure 33. Test assembly for the modified ASTM G 8 procedungsihig an Mg anode.
Table 23. Matrix summarizing the experimental approach.
Coating Type Surface Finishing # Replicates Sample Dimensions
White Sandblasted (SB) 2 3"x 3"
Water repellant Epoxy SB Cl Contaminated (C) 2 3"x3
SB Mud (MG) 2 3"x 3"
600 grit (6G) 2 3"x 3"
Water repellant Epoxy 600 grit Cl contaminated (6GC) 2 3"x 3"
6G Mud (6GM) 2 3"x 3"

Coupons were made of 5LX65 pipe steel. To introdtideride or mud contamination, samples
were first pre-heated on a hot plate. Hot samplere wemoved from the plate and immediately
sprayed with a 0.5 M NaCl aqueous electrolyte ppéd in a beaker containing a liquid mud
slurry. The chloride and pH concentration of thefare was characterized by testing spare
samples following the same procedures. Each measmtewas repeated at least in triplicate.
The visual appearance of pre-treated samples irsho Figure 34 and Figure 35. Coating
application was made in the laboratory using concrally available water repellant epoxy
products. Coating was applied using a roller atwhadd to cure for 48 h before testing.
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Figure 35. Visual appearance of 600 grit coupons after: aradd and b ) mud contamination

After pre-treatment, a set of samples was analyio#ldwing the standardized procedure
described previously. Table 24 summarizes the geecaloride and pH values for the different
pre-treatments. Surfaces were also replicated ubm&truers Repliset kit for posterior analysis.
Figure 36 shows the differences in surface topdyras evidenced by optical microscopy.

Table 24. Matrix summarizing the proposed experimental apghoa

Surface Finishing/ Pre-treatment pH Cl [ppm] Testex Profile [milg]
Sand Blast/ As Received 5 <31

Sand Blast/ Chloride 4-5 207 15

Sand Blast/ Mud 5 <31

600 Grit/ As Received 5 <31

600 Grit/ Chloride 4-5 108 0.95

600 Grit/ Mud 5 <31
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Figure 36. Optical stereo-micrographs of the replicated swfafc a) sand blast and b) 600 grit coupons.

The soil pH and theon and instantff potentials were monitored on a weekly basis.
Electrochemical impedance spectroscopy (EIS) wasdwtted periodically to evaluate the
degree of water uptake in the coatings and to tletesrall coating deterioration. No complex
EIS modeling was conducted. Parameters that hage bennected with coating degradation,
such as low frequency impedance and phase angle, wged to provide a picture of coating
performance.

The soil resistivity was adjusted to 700-10REcm and monitored periodically. Soil resistivity
was adjusted if necessary. Figure 37 shows theageetime evolution of the soil resistivity.
Results of soil pH measurements are shown in Fi@&eSoil pH remained approximately
constant at about 7.

As shown in Figure 39, the steady statepotential for all the samples, with the exceptdnhe
oxide pre-treated 600-grit sample, was approxiatel3 to -1.35 V vs Cu/CuSOThe oxide
covered 600 grit sample showed a large dispersiorthe on potential. However, these
oscillations were more negative than the -950 miéigon. The steady state instasft-potential
had a larger variability but it averaged about ¥0.vs Cu/CuSQ.

Results of the low frequency impedance (LFI) magtetat 10 mHz are illustrated in Figure 40.
Initially, all samples showed a large dispersion Lifl values with no clear trend when
comparing the effects of surface finish and pretneat. Initial LFI values were relatively high,
in general ranging from 0.6 to 1/ cnf. In both the white sand blast and 600 grit firdsises,
the oxide covered surface reached LFI values alid#@ — cnf. After 45 days, however, the
LFI of all samples for both surface finishes drapm®nsiderably and remained low for the
duration of the test. This seems to indicate tftat 45 days, the coatings have disbonded.

Samples were removed after 90 days and charadefailwing the procedures described
previously. Results of pull-off adhesion tests asllvas pH and chloride measurements are
summarized in Figures 41 to 44.
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Figure 37. Soil resistivity as a function of exposure time.
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Figure 38. Soil pH as a function of exposure time.
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Figure 39. On and instant off potentials vs time: a) whitacsalast and b) 600 grit.
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Figure 41. Adhesion strength as a function of surface prattnent.
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Figure 42. Surface pH on testing plates as a function ofss@rpre-treatment.
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Figure 43. Chloride content on testing plates as a functiosudface pre-treatment.
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Figure 44. Chloride content on the back of the failed coatiag a function of surface pre-treatment.

The first observation to make is that the adhesimength of this type of epoxy coating was
significantly lower than what was seen for FBE sk®pThe maximum adhesion strength after
testing reached only 1000 psi on a sand blastddcguwith no pre-treatment, which would be
considered to be the most ideal case. Furthermsexeral samples failed during setup, indicating
that the coatings were completely disbonded evér po the initiation of testing. With this
caveat in mind, the as-received white sand blasipka showed the highest adhesion strength.
Likewise, chloride surface contamination considtegave the lowest values.
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The surface chemistry analysis was in line with thega presented so far. The pH was
approximately neutral, except for the intentionblocide contamination surface pre-treatment
where the pH was 8. However, no changes in sudhlogide were observed after exposure.

5 ON-SITEANALYSIS

In order to improve confidence and validate thecpdure developed to assess laboratory applied
coatings, on-site evaluations of in-service pipelooating disbondments were conducted. The
first excavation took place in Louisiana during filiet week of January 2007. According to the
data surveyed by DNV Columbus, the site presentgt ©f possible coating failure. Even when
signs of coating failure were encountered as sedrigure 45, the location and the wrinkled
conditions of the coating made adhesion measuremeossible. Even though no tests were
conducted, this experience showed the typicaldiiffies that on-site analysis could face.

S Y

Figure 45. General an specific vievV?F’the excavation cateld by DNV COLUMB
2007

Lo

g

US in Louisiana during Jar

The second excavation took place in Maryland duAwogust 2007. This pipeline transported
liquid petroleum and had an estimated age of o@eydars. The pipe had a coal tar enamel
coating and aboveground potential surveys suggésteéatoating disbondments were present. A
picture of the site prior to analysis is shown igufe 46. The pipe was schedule to be recoated.
The analysis was coordinated to take place befmegmoval of the entire coating.
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The pipe section was analyzed following the testqmol presented previously. The first step
was the removal of the tape wrap that covered da tar coating (Figure 47). After removing
the tape, the coal tar surfaces was cleaned atidsdapplied using either Araldite 8595 or 2202

epoxy adhesives as shown in Figure 48. Dollies vpdseed in the 12, 3(9), and 6 O’clock
positions.

Figure47. Tape coverig the coal tar surface was removedbeésting.
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'clock position.

The pipe had visible signs of coating deterioration some places water was found inside
disbonded areas (Figure 49), similar to what wasenked in the laboratory scale testing on
reinforced coal tar pipe samples. Chemical analyais conducted on site and samples were also
brought to the laboratory to determine the compwsiof the water by chromatography. In the
areas where coating damaged was evident, all teelooating was first removed with a utility
knife (Figure 50). The analysis was conducted @aaradjacent to the damaged region.

In total, more than 100 dollies (diameters: 50a2d 14 mm) were applied on the surface of the
pipe. Some problems arose during the last 2 daysstihg due to the build up of water inside

the ditch. Water was removed later with a pumpbyuthe time some dollies located at the 6
o’clock position had been submerged and were waahey (Figure 51). Table 25 to Table 28

summarize the pull off adhesion results for onéhefsections. As shown in Table 25 most of the
failures were cohesive, even in the proximitiescoting defects. Since the coal tar enamel
coatings systematically showed cohesive failure, dbating was then removed by hammering
and scrapping of the coating. Table 29 summarikedésults of the on site chemistry analysis.
Samples of the ground and running water were alatyaed.
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Figure 50. Removal of damaged coal tar coating prior to aialgn the areas adjacent to the defects
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Table 25. Pull off adhesion results for pipe section 1.

Date/Time Dolly Applied Date/Time Dolly Pulled Dolly Number (ID) Epoxy Dolly Size (mm) Clock Position (o'clock) PSI Failure Type
A.M. Rain; P.M. Sunny Temp:92.3 RH:98.5% P.M. Sunny Temp:94.8 RH:50.7%
8/16/2007 Afternoon 8/17/2007 Afternoon S1#1 8595 50 12 188 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S1#2 8595 20 12 284 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S1#3 8595 50 12 276 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S1#4 8595 20 12 331 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S1#5 8595 20 12 109 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S1#1 2022 50 12 >1200 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S1#2 2022 20 12 288 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S1#3 2022 20 3 185 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S1#4 2022 50 12 214 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S1#5 2022 20 12 444 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S1#6 2022 50 12 XXX XXXXXXX
8/16/2007 Afternoon 8/17/2007 Afternoon S1#7 2022 20 12 458 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S1#8 2022 50 12 180 cohesive
Table 26. Pull off adhesion results for pipe section 2.
Date/Time Dolly Applied Date/Time Dolly Pulled Dolly Number (ID) Epoxy Dolly Size (mm) Clock Position (o'clock) PSI Failure Type
A.M. Rain; P.M. Sunny Temp:92.3 RH:98.5% P.M. Sunny Temp:94.8 RH:50.7%

8/16/2007 Afternoon 8/17/2007 Afternoon S2#1 8595 50 12 313 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S2#2 8595 20 12 332 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S2#3 8595 50 12 336 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S2#4 8595 20 12 336 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S2#5 8595 20 12 331 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S2#6 8595 50 12 312 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S2#7 8595 20 9 76 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S2#8 8595 20 3 XXX XXXXXXX
8/16/2007 Afternoon 8/17/2007 Afternoon S2#9 8595 20 3 XXX XXXXXXX
8/16/2007 Afternoon 8/17/2007 Afternoon S2#10 8595 20 3 XXX XXXXXXX
8/16/2007 Afternoon 8/17/2007 Afternoon S2#1 2022 50 12 231 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S2#2 2022 20 12 405 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S2#3 2022 50 12 119 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S2#4 2022 20 12 435 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S2#5 2022 50 12 153 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S2#6 2022 20 9 318 cohesive

Table 27. Pull off adhesion results for pipe section 3.
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Date/Time Dolly Applied Date/Time Dolly Pulled Dolly Number (ID) Epoxy Dolly Size (mm) Clock Position (o'clock) PSI Failure Type
A.M. Rain; P.M. Sunny Temp:92.3 RH:98.5% P.M. Sunny Temp:94.8 RH:50.7%
8/16/2007 Afternoon 8/17/2007 Afternoon S3#1 8595 20 12 117 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#2 8595 50 12 276 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#3 8595 50 9 205 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#4 8595 50 12 225 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#5 8595 20 12 123 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#6 8595 20 3 239 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#7 8595 20 3 343 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#8 8595 50 3 280 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#1 2022 20 12 418 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#2 2022 50 12 245 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#3 2022 50 9 32 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#4 2022 50 12 231 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#5 2022 20 12 270 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#6 2022 20 6 239 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#7 2022 20 3 243 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S3#8 2022 50 3 155 cohesive
Table 28. Pull off adhesion results for pipe section 4.
Date/Time Dolly Applied Date/Time Dolly Pulled Dolly Number (ID) Epoxy Dolly Size (mm) Clock Position (o'clock) PSI| Failure Type
A.M. Rain; P.M. Sunny Temp:92.3 RH:98.5% | P.M. Sunny Temp:94.8 RH:50.7%
8/16/2007 Afternoon 8/17/2007 Afternoon S4#1 8595 20 12 350 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon Sa#2 8595 50 12 303 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#3 8595 50 12 287 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#4 8595 20 12 412 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#5 8595 20 9 180 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#6 8595 20 9 130 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#7 8595 20 9 165 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#8 8595 20 9 XXX XXXXXXX
8/16/2007 Afternoon 8/17/2007 Afternoon S4#9 8595 50 12 200 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#10 8595 20 12 385 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#11 8595 20 3 300 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#12 8595 50 3 277 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#1 2022 20 12 452 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon Sa#2 2022 50 12 294 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#3 2022 50 12 232 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon Sa#4 2022 20 12 515 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#5 2022 50 12 194 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#6 2022 20 12 332 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#7 2022 20 3 425 cohesive
8/16/2007 Afternoon 8/17/2007 Afternoon S4#8 2022 50 3 XXX XXXXXXX
Table 29. On site chemistry analysis.
Sample Number (ID) Sample Description Chemistry
pH Cl (ppm)

S1#1 Running Water 6.5 <31 (0.5Q)

S1#2 Ground Water 1 5.5 <31 (0.6Q)

S1#3 Ground Water 2 6 <31 (0.5Q)

S2#1 Running Water 6 <31 (0.7Q)

S2#2 Ground Water 1 6 <31 (0.5Q)

S2#3 Ground Water 2 55 <31 (0.6Q)

S3#1 Running Water 6 <31 (0.5Q)

S3#2 Ground Water 1 6 <31 (0.6Q)

S3#3 Ground Water 2 55 <31 (0.6Q)

S4#1 Ground Water 1 6.5 <31 (0.6Q)

S4#2 Ground Water 2 6 <31 (0.6Q)

S4#3 9 Inch Blister 1 4.5 <31 (0Q)

S4#4 9 Inch Blister 2 5 <31 (0Q)

S4#5 Exposed Area 5 <31 (0.1Q)

S4#6 Blister Surface Cut-Out 5 <31 (0Q)

6 DISCUSSION

Although several techniques have been developeatktiermine the extent of disbondment, the
initiation stages remain unclear as yet. The oalggtope of this investigation was the analysis
of aged pipe sections suspected of having coaistgpddments. During the survey of available
samples it was concluded that all the pipes aDiR¥ Columbus inventory primarily had intact
FBE and CT coatings. This observation was made aftalyzing, in total, more than 200
adhesion tests on varied pipe sections. This walsapty due to the fact that during a typical
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failure investigation, all the coating near theeaféd area is removed. Moreover, many times this
is done in the field before the pipe sections distueach the laboratory.

Adhesion strength of intact FBE coatings was syaterally above the maximum strength of the
adhesive used to attach the dollies to the pipcerLikewise, CTE and RCTE samples always
showed cohesive failures, indicating that adhe&ietween the steel substrate and the coating
was not degraded. As explained in the introductoiesive failures are preferred over adhesive
failures as the failed coating can still providengodegree of protection. A completely adhesive
failure indicates that the bond between the coadimg the pipe steel were broken. Analysis of
the conditions leading to good performance reve#tedl when the pipe sections had a white-
sand-blasted surface good adhesion was consistaoklieved. In addition, surface pH was
always about neutral and the chloride concentrdieglaw 31 ppm.

To explain the onset of coating disbondment, theems to be two prevailing theories: i)
degradation of the bond between the steel substratehe coating due to the development of an
alkaline environment and ii) blistering due to pwotion of H(g). Both of these have
documented experimental evidence to support themesd two possibilities are based on the
environment evolving from the electrochemical read occurring at sufficiently high cathodic
potentials. Different models based on observatienadence have been proposed to predict the
ionic migration of species in and out of the disthment, migration through the coating, and
other processes. However, all these models tendgssome that a crevice (disbondment) is
already present that can then facilitate the séparaf anodic and cathodic reactions.

Experiments conducted in the lab using both new agetl pipe sections showed that the pH
away from the defect remained near neutral. Intamgithere were no measurable changes in
chloride content as determined by titration and.IB&hough a poorly applied coating should
not be ruled out, the extent of the attack obseedhe new pipe sections in the as-received
condition suggested that the disbondment extenégdru the exposed area. Coating samples
from failed areas of FBE and coal tar sectionduiiog those extracted from the field, were sent
for Fourier Transformed Infrared (FTIR) Spectroscofsiccording to the laboratory report FBE
and CTE coatings showed no signs of oxidation wdmnpared against the spectra of unexposed
epoxy and coal tar control samples. The report sigmested that deposits commonly found in
the base of the failed FBE coatings were magnesanmonate and iron oxide.

These observations combined with the neutral pHhdoaway form the defect cannot be
explained by alkaline attack or by blistering calus®y Hx(g). More research is necessary to
determine what other factors could cause the idass of adhesion. That is, what are the steps
and mechanisms involved in the very nascent stafeoating disbondment. No doubt that
alkalization and hydrogen evolution are present asgbciated with disbondments but it seems
possible that these phenomena might prevail inlaker stages of disbondment initiation or
perhaps only during disbondment propagation. Howeve is clear that current and
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modifications of current testing methodologies aoé suitable to determine the onset of coating
disbondment.

Finally, it is important to highlight the poor perfmance of the water resistance epoxy coatings
used in this investigation. Adhesion strength a®&T even in the as-received coupons was less
than 1000 psi, which is lower than the lowest valumeeasured for FBE coatings even with
surface contamination.

7 CONCLUSIONS

In this project laboratory-generated results wemmgared to coating failures observed on pipe
segments that had been taken out of service asaselh-ditch evaluations. By examining
variables such as coating chemistry, surface chgmésid contamination, surface roughness,
and anchor pattern a standardized experimentalegue aimed to evaluate the main causes
leading to coating disbondment was developed ahdated. Using this approach, the following
conclusions were made:

1. Areas affected by cathodic disbondment on fusionded epoxy and coal tar enamel
coatings tended to also exhibit low adhesion stteng

2. Highly alkaline conditions, as has been proposemidan the disbondment process, were
observed during cathodic disbondment tests but iontile region immediately adjacent
to the defect. At even small distances away froendifect, the pH was nearly neutral.

3. During cathodic disbondment testing, the disbondnoéien times extended beyond the
initial exposed area of the test.
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